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Abstract: In the current work, a parametric numerical analysis of MmNi4.6Al0.4 is studied during 
the hydrogenation process; under effective heat management. A fully validated with solid 
experimental results mathematical model including the heat, mass and momentum conservation 
equations is introduced, described and incorporated on a Multiphysics software (COMSOL 
Multiphysics). The target of the current study was the storage of 200g of hydrogen per 
hydrogenation/dehydrogenation cycle within 5000s. The heat management during the 
hydrogenation process was performed by the usage of plain-embedded cooling tubes in 
combination with extended surfaces. The parameters examined in the current work were; the fin 
thickness, the fin number (metal hydride thickness) and the coolants’ flowrate within the tubes. A 
non-dimensional parameter was utilised for the evaluation of the heat management process. The 
results showed that the optimum fin number was 60, in combination with fin thickness 5-8mm and 
the value of the heat transfer coefficient 2000-5000 Wm-2K-1. 
Keywords: Hydrogen Storage; Heat Management; Heat and Mass Transfer; Metal Hydrides. 
 
1 Introduction 
The negative environmental impact of buildings, is directly connected to the energy consumption 
and the greenhouse gas emissions [1, 2].  The energy consumption in buildings in several 
advanced and developed countries has already exceeded the energy consumption of the industrial 
and transportation sector [3, 4]. The same trend is followed by several other under-development 
countries [5]. Hydrogen technologies can play a crucial role on the sustainability of the new 
generation of buildings, as they utilized for applications such as; grid stabilization, reserves for 
grid frequency and voltage regulation [6]. The storage of hydrogen to feed a fuel cell system is 
one of the drawbacks for the commercial implementation of hydrogen economy [7]. The storage 
of hydrogen in the interstitial sites of metals and the formation of metal hydrides is an efficient 
technique that allows the hydrogen storage under moderate temperature and pressure conditions 
[8-10]. There are certain parameters governing the thermodynamic performance of metal 
hydrides. The material-related parameters, such as; the thermal conductivity λ (Wm-1K-1), the heat 
capacity of the hydride C (J mol-1K-1), the enthalpy of hydride formation/deformation ΔΗ (J mol-
1), the entropy of hydride formation/deformation ΔS (J mol-1K-1), the hysteresis and slope [11, 12]. 
Furthermore, there are additional parameters related to the operation/design of the metal hydride 
beds, such as; the porosity of the metal hydride bed, the packing density, the temperature of 
operation, the geometry of the metal hydride vessel, the supply pressure and the heat management 
techniques [13, 14].  
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The limiting factor affecting and control the hydrogenation/dehydrogenation process is the rate 
of heat that is transferred to/from the metal hydride bed. During the hydrogenation process, the 
hydrogen atoms are diffusing within the metallic lattice and creating bonds with the metal atoms; 
thus, it is an exothermic process, with large amounts of heat produced during the formation of the 
hydride [15]. Those amounts of heat are forcing the equilibrium pressure to increase and 
consequently to reduce the driving force for the storage, which is the pressure difference [16]. 
Thus, the heat management of metal hydride tanks is a crucial process to maintain the rate of 
reaction and the solid-state hydrogen storage. In general, there are two main techniques for 
effective heat management of metal hydrides; internal and external heat management [17-19]. By 
considering the Fourier’s law of conduction and accommodate to metal hydride beds, there are 
three ways to improve the heat transfer in a metal hydride bed; improvement of the overall thermal 
conductivity [20, 21], introduction of a large temperature difference inside the bed [22] and the 
reduction of the metal hydride thickness [23, 24].  
In the current work, a numerical model describing the hydrogenation process of an AB5 
intermetallic (MmNi4.6Al0.4) is introduced and studied. The proposed mathematical model 
includes the heat, mass and momentum conservation equations. The numerical model was 
validated with solid experimental results extracted from a Sievert type apparatus. The metal 
hydride beds used in the current study are cylindrical, and the properties of commercial available 
SS 316L were also considered. The heat management consists of plain-embedded cooling tubes 
in combination with extended surfaces. Several parameters were considered, such as the fin 
thickness, the distance between the fins (fin number) and the coolants’ flow rate within the cooling 
tubes. To evaluate the effect of the heat management process, a variable named as Non-
Dimensional Conductance (NDC) is analysed and studied.  
2  Methodology 
In the current study, a commercial multiphysics software (COMSOL Multiphysics 5.3) utilized 
by solving simultaneously the heat, mass and momentum conservation equations. Before 
conducting these simulation runs the performance of the proposed numerical model was validated 
with solid experimental results for both the hydrogen storage capacity and the temperature 
distribution within the hydride. The expansion of packed beds during the hydrogenation process 
can produce additional stress on the vessel walls; therefore, for the numerical analysis, the reactors 
are assumed to be filled up to 50% at the beginning of the hydrogenation process. After the 
validation process, the simulation runs were conducted for all the suggested parameters of fin 
thickness, fin number and coolants’ flow.  
2.1 Model Assumptions 
Several assumptions were considered to simplify the simulation process and listed as follows: 
a) The temperature and pressure profiles are initially uniform. 
b) The thermal conductivity and specific heat capacity of the hydride are constant during 
the hydrogenation process.  
c) The medium is in local thermal equilibrium; which implies that there is no heat transfer 
between solid and gas phases 
d) Hydrogen is treated as an ideal gas from a thermodynamic point of view. 
e) The bed void fraction remains constant and uniform throughout the reaction. 
f) The characteristics (the kinetics and thermal properties) of the bed are unaffected by the 
number of loading and unloading cycles.  
g)  The metal hydride bed fills the entire space between the cooling tubes (perfect packing 
condition). 
 
2.2 Heat equation  
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Assuming thermal equilibrium between the hydride powder and hydrogen gas, a single heat 
equation is solved instead of separate equations for solid and gas phases: 
eff( ) ( ) (k ) Qgeff g p g H
T
Cp C v T T
t
 

        

                        (1) 
The term QH (W/ m
3) in Eq. 1 represents the heat that is generated during the hydrogenation 
process. The amount of heat that is been produced during the hydrogenation process depends on 
several thermophysical properties of the materials, such as the enthalpy of formation ΔΗ (J/mol), 
the porosity of the material ε, the density change during the reaction (kg/m3), the reaction rate 
(1/s) and the molecular mass of the stored gas (kg/mol).  
The effective heat capacity is given by; 
                           e( ) (1 )g pg s psCp C C                                                            (2) 
and the effective thermal conductivity is given by; 
                                                   (1 )e g sk k k                                                                            (3) 
The terms ρg, Cpg, Cps and m refer to the density of the gas phase (kg/m3), the specific heat capacity 
of the gas phase (J kg-1K-1), the heat capacity of the solid phase and the kinetic term for the reaction 
respectively. The parameter that represents the void fraction is symbolized with ε. MH2 represents 
the molecular mass of hydrogen (kg mol-1) and T represents the temperature (K).   
2.3 Hydrogen Mass Balance 
The equation that describes the diffusion of hydrogen mass inside the metal matrix is given 
by: 
                                             
( )
( )
g
g gdiv v Q
t

 

    

                                                              (4) 
Where, (-) refers to the hydrogenation process and (+) to the dehydrogenation process, vg 
(m/s2) is the velocity of gas during diffusion within the metal lattice (descripted in section 2.4) 
and Q is the mass source term describing the amount of hydrogen mass diffused per unit time and 
unit volume in the metal lattice.   
 
2.4 Momentum equation 
The velocity of a gas passing through a porous medium can be expressed by Darcy’s law. By 
neglecting the gravitational effect, the equation that describes the velocity of gas inside the metal 
matrix is given by: 
                                                              ( )g g
g
K
v grad P

                                                                    (5) 
Where K (m2) is the permeability of the solid and μg (Pa s) is the dynamic viscosity of gas and Pg 
(Pa) is the pressure of gas within the metal matrix.                                               
2.5 Kinetic expression 
The kinetic description for the hydrogenation process per unit time and volume is described by 
the following equation: 
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exp[ ] ln[ ] ( )
ga
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
                                                                       (6) 
Where ρs and ρss are the density of the hydride at any time and at saturation state respectively. Ca 
(s-1) refer to the pre-exponential constants for the hydrogenation process and the Ea (J mol
-1) is 
the activation energy for the hydrogenation.  
2.6 Equilibrium Pressure. 
To incorporate and consider the effect of hysteresis and the plateau slope for the calculation of 
the plateau pressure Peq, the following equation was used: 
                                                                                                                  
 05
1
ln tan
10 2 2
eq
s
sat
P S x S
RT R x
  
      
           
      
                                            (7) 
The plateau slope is given by the flatness factors φs and φ0 and S represents the hysteresis effect 
which is given by (lnPabs/Pdes) designated ‘+’ for hydrogenation and ‘-’ dehydrogenation, while x 
and xsat are the local hydride concentration at any given time and at saturation respectively. For 
the studied material, the flatness factors and the hysteresis effects were measured experimentally 
by using the data collected from the hydrogenation kinetics and isotherms. 
 
3 Validation of the numerical model 
Validation of numerical results 
 
To investigate the validity of the proposed model, experiments on a 0.8g sample of MmNi4.6Al0.4 
powder were performed. The phase purity was validated by means of XRD (Rietveld Analysis). 
The pressure-composition-isotherm (PCI) hydrogenation measurements were performed on a 
commercial Sievert type apparatus provided by HIDEN Isochema (IMI Instruments). Both the 
hydrogenation and temperature behaviour of the material were recorded during the charging 
process at an initial hydrogen supply pressure of 12 bar. Fig. 1 shows the comparison of the 
temperature and hydrogenation profile during the hydrogenation process. The results of the 
numerical work compared to the experimental data present good agreement with a maximum 
deviation of less than 5%. 
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Fig.1 Validation of the predicted temperature profile (red) and the hydrogen storage capacity (black) for 
MmNi4.6Al0.4. 
 
4 Tank Design Geometries 
The metal hydride tanks are cylindrical. The properties of commercially available stainless steel 
(SS 316L) with wall thickness of 3mm were introduced for the tank definition. The amount of 
powder selected for the study was 12285.71 g, necessary to store up to 200g of hydrogen per 
cycle. The cylinders chosen for the study had 0.8m length and 0.052m radius. For the heat 
management process, a combination of cooling tubes with extended surfaces studied. Five cooling 
tubes placed along the cylindrical tank; one tube placed in the middle and the other four placed 
on a co-central distribution. Fig. 2 shows the geometry of the cooling tubes and the fins 
considered. The fins were selected to have five openings (holes) to allow the cooling tubes to 
penetrate; furthermore, four openings were also considered mainly for two reasons; to allow the 
powder to move through the ‘chambers’ that were formatted between two adjacent fins for the 
packing reasons, and to avoid any issues due to the expansion of the hydride during the 
hydrogenation process. 
4.1 Optimisation Factors and Control Parameters 
The charging/discharging time is of major importance for the effective performance of a metal 
hydride tank. The purpose of the present optimization process is to obtain the system’s parameters 
that lead to the minimum charging/discharging time (ts). In the current analysis, the 
charging/discharging time (ts) is defined as the time required for the average reacted fraction to 
increase from 0.1 to 0.9 during the hydrogenation process. The parameters examined are: a) the 
fin thickness, b) the number of fins and c) the coolants flow within the tubes which is represented 
by the heat transfer coefficient ht (W/m2K).  
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Fig.2 Geometry of the cooling tubes and the extended surfaces. 
 
Table 1 presents all the control factors and the values used for the current study. 
 
Table 1. Control factors and cases considered for the study 
Fin Thickness (mm) Number of Fins Heat Transfer Coefficient (Wm-2K-1) 
2 50-55-60-65-70 500-1000-2000-5000 
3 50-55-60-65-70 500-1000-2000-5000 
5 50-55-60-65-70 500-1000-2000-5000 
8 50-55-60-65-70 500-1000-2000-5000 
 
4.2 Non- Dimensional Conductance (NDC) 
The reaction rate for the hydrogenation/dehydrogenation depends on the heat transfer parameters. 
In the current work, heat exchangers coupled with extended surfaces are used to enhance the 
hydrogenation of MmNi4.6Al0.4. When using a heat exchanger, there are several parameters that 
influence the rate of heat transfer such as; the coolant temperature, coolant flow rate, contact 
resistance, metal hydride thickness and the thermal conductivity of the metal hydride bed. To 
monitor the influences of the above parameters on the heat transfer performance a Non-
Dimensional Conductance (NDC) parameter can be considered [23]. The NDC is defined as the 
ratio of the maximum heating rate that can be removed from the metal hydride to the heat rate 
that would be generated for a specified thickness of the hydride to store hydrogen up to 90% of 
its maximum theoretical performance during a desirable time and its given by the following 
expression. 
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                                                (8) 
Higher values of NDC result in larger heat transfer rates. TMH,max (K) is the temperature of the 
metal hydride at the end of the pressure increase process and it is an indirect measurement of the 
pressure. Tcool (K) is the temperature of the coolant that flows within the heat management tubes 
and a higher NDC number can be achieved by reducing the coolant temperature. The heat transfer 
coefficient is represented by ht (W/m
2K) and is directly related to the effect of the coolant flow 
rate. Rtc (mm
2K/W) is the contact resistance between the metal hydride powder and the wall of the 
heat management tubes and it depends on the hydride powder properties (grain size and packing 
density). L (mm) is the hydride layer thickness. In the current work, the metal hydride thickness 
is defined as the distance between the centers of two adjacent coolant tubes and consists of the 
metal hydride, the contact resistance and the wall of the coolant tube. The denominator in Eq. 8 
is the average heat generation rate if the metal hydride of thickness L is hydride within a desired 
filling time tdes. In the current analysis, the desired time tdes was selected 5000s.  
 
5 Results and Discussion 
5.1 Hydrogenation behaviour of MmNi4.6Al0.4 
The initial temperature of the material for all the studied cases was 20oC, same as the initial 
temperature of the coolant. Hydrogen supply pressure was 15 bar; the pressure that a commercial 
electrolyser can supply. Four different fin thicknesses were examined; 2-3-5 and 8 mm. For each 
one of the thicknesses, five different values of fin number were selected (50-55-60-65 and 70 
fins) corresponding to different values of metal hydride thickness. In the current study, the metal 
hydride thickness is defined as the distance between the centres of two adjacent fins. In addition, 
the effect of the coolants’ flowrate was examined, by considering four different values of the heat 
transfer coefficient: 500-1000-2000 and 5000 W m-2K-1. Out of the mathematical point of view, 
the heat transfer coefficient is the ratio between the heat flux to the temperature change. This 
temperature change ΔΤ is the driving force for the transfer of the thermal energy. Fig. 3 presents 
the hydrogenation response of MmNi4.6Al0.4 in respect to the different values of the heat transfer 
coefficient chosen for the current study (500-1000-2000 and 5000 W m-2K-1) for the case of fin 
thickness 5mm. The maximum time considered for the hydrogenation process to reach X=0.9 
(hydrogenation fraction) was 5000s. For the lower values of the heat transfer coefficient (500 and 
100 W m-2K-1) the hydrogenation does not reach the target (X=0.9) within 5000s for all the cases 
of fin number. When the heat transfer coefficient increases to 2000 W m-2K-1, the hydrogenation 
for all the cases of fin number reaches the desired fraction X=0.9 within the time frame of 5000s. 
Furthermore, as the fin number increases, the hydrogenation becomes faster. When the fin number 
increases from 50 to 55, the decrease on the hydrogenation time is low (15 s); but when the fin 
number increase to 60, the hydrogenation becomes faster comparing to the case of 55 fins (120 
s). A further increase of the fin number to 65 and 70, does not significantly improve the 
hydrogenation time. In addition, for the case of the heat transfer coefficient 5000 W m-2K-1, it 
appears that the increase over 65 fins might cause a ‘negative’ effect on the hydrogenation time. 
From the above, it can be extracted that the increase of the heat transfer coefficient can enhance 
the hydrogenation process; the same with the increase of the fin number up to 60. A further 
increase of the fin number does not improve the hydrogenation rate. This behaviour can be 
explained from the thermodynamic nature of the hydrogenation process. During the hydrogen 
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storage and the creation of the metal-hydrogen bonds (hydride formation), substantial amounts of 
thermal energy are produced. As the coolant flowrate increases (larger heat transfer coefficient), 
the system is capable to remove faster the produced thermal energy. Furthermore, the increase of 
the fin number results on the decrease of the metal hydride thickness. Up to a certain value of 
metal hydride thickness, the reduction leads to the increase of the hydrogenation rate. On the other 
hand, increase of fins over 60, does not improve the reaction; a limitation mechanism begins, 
where the coolants flow rate seems to dominate in that region [19]. 
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Fig.3. Hydrogenation response of MmNi4.6Al0.4 when using fins with thickness 5mm for the heat management 
process, for all the different fin number and all the values of the heat transfer coefficient. 
 
5.2 Effect of the metal hydride thickness on the hydrogenation behaviour of 
MmNi4.6Al0.4 
According to the analysis described above, when the heat transfer coefficient reaches 2000 and 
5000 W m-2K-1, the reaction for the hydrogen storage becomes faster and the material is able reach 
the hydrogenation fraction X=0.9 in less than 5000s. By considering only those two values, a 
comparison study is performed in terms of the effect that the fin thickness adds to the 
hydrogenation behaviour. Fig. 4a shows the hydrogenation behaviour (time to reach X=0.9) for 
all the number of fins and fin thicknesses when the heat transfer coefficient is 2000 W m-2K-1, 
while Fig. 4b shows the hydrogenation behaviour when the heat transfer coefficient is 5000 W m-
2K-1. 
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Fig.4. Hydrogenation response of MmNi4.6Al0.4 during the heat management process, for all the different fin 
number and thicknesses, when the heat transfer coefficient is 2000 W m-2K-1 (4a) and 5000 W m-2K-1 (4b). 
 
When the heat transfer coefficient is 2000 W m-2K-1, for the fin thickness of 2 and 3mm, the 
material is not able to reach X=0.9 within 5000s. As the fin thickness increases to 5 and 8mm, the 
material stores that amount of hydrogen in the desired time. For the fin thickness of 5mm, as the 
number of fins increases, the reaction becomes faster until the value of 60 fins, where the 
minimum charging time is obtained (4850s). The increase of the fin number to 65 and 70 does 
not further improve the reaction rate. The same behaviour is observed for the case of the heat 
transfer coefficient 5000 W m-2K-1. The hydrogenation time reaches the minimum value when 
using 60 fins (4485s) and further increase to 65 and 70 fins does not accelerate the reaction.  
When using 60 fins, for the case of heat transfer coefficient 2000 W m-2K-1 the increase of the fin 
thickness from 5 to 8mm will result on a drop of the hydrogenation time of more than 4min (250s). 
When the heat transfer coefficient is 5000 W m-2K-1 and the fin number is 60, the increase of the 
fin thickness from 2 to 3mm will result on a small drop of the hydrogenation time less than 1min 
(50s), whereas the increase of the fin thickness from 3 to 5mm will reduce the charging time over 
4.5min. Finally, the increase of the thickness to 8mm will cause a reduction of the charging time 
of more than 4.5min (285s).  
Fig.5 presents the variation of the hydrogenation time (time to X=0.9) with the Non-Dimensional 
Conductance (NDC) for the case of fin thickness 5–8mm and the value of heat transfer coefficient 
2000-5000 W m-2K-1 respectively. For all the cases, when the fin number increases to 60 the 
hydrogenation time drops and the NDC also increases. The NDC is the maximum heating rate 
that can be removed from the metal hydride to the heating rate generated from a specified metal 
hydride thickness for the hydride to store 90% of its maximum theoretical performance. When 
the fin number increases to 65-70 the hydrogenation time does not drop and furthermore, the NDC 
values are almost the same. This behaviour indicates that when utilising 60 fins in the current 
system, the maximum amount of the generated heat can be removed from the system and due to 
the exothermic nature of the hydrogenation, the reaction will proceed faster. When the metal 
hydride thickness decreases (the fin number increases) below a threshold, the amount of heat that 
is removed from the system does not significantly change, indicating a limitation on the heat 
transfer mechanism. 
Fig. 6 presents the comparison between the amount of hydrogen stored at the end of the desired 
time (5000s) and the NDC. Fig. 6a shows the comparison for the case of heat transfer coefficient 
2000 W m-2K-1, while Fig.6b presents the comparison for the case of heat transfer coefficient 5000 
W m-2K-1. The results showed that a charging time of 5000s is not achievable for the case of fin 
thickness 2 and 3mm, when the heat transfer coefficient is 2000 W m-2K-1. For thicknesses 5 and 
8 mm, the material is able to reach the desirable charging time. For the case of 5000 W m-2K-1 the 
desired charging time is achieved for all the cases of fin thicknesses and fin number. 
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Fig. 5. Variation of the hydrogenation time (time to X=0.9) with the Non-Dimensional Conductance (NDC) 
for the case of fin thickness 5–8mm and the value of heat transfer coefficient 2000-5000 W m-2K-1 
respectively 
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Fig.6 Comparison between the amount of hydrogen stored at the end of the desired time (5000s) and the 
NDC. Fig. 6a shows the comparison for the case of heat transfer coefficient 2000 W m-2K-1, while Fig.6b 
presents the comparison for the case of heat transfer coefficient 5000 W m-2K-1 
 
5.3 Hydrogenation Kinetics and Temperature Profile 
 
Fig. 7a presents the bed average temperature evolution of the hydride during the hydrogenation 
process, when the hydrogenation is performed under the optimum operational conditions 
described above. The number of fins was selected 60, whereas for the fin thickness two values 
were selected; 5 and 8mm. Finally, two values were also selected for the heat transfer coefficient 
(2000 and 5000 W m-2K-1). The temperature at the beginning of the hydrogenation process 
increases due to the highly exothermic process and reaches a maximum point. After that, due to 
the heat management process the temperature drops and tends to reach the temperature of the 
coolant. 
The temperature for MmNi4.6Al0.4 rises rapidly and reaches a maximum between 57-63oC for all 
the presented cases during the first 150s of the reaction, due to the low thermal conductivity of 
the hydride powders that restrict to the effective heat removal; at that time the hydride stores an 
amount of hydrogen at a hydrogenation fraction X=0.16 (16% of the theoretical maximum amount 
of hydrogen that can be stored) as presented in Fig. 7b. During the first stage of the hydrogenation 
process, the pressure difference is the major factor for the rapid storage. The temperature rise 
increases the equilibrium pressure and as a result, the driving potential for the hydrogenation 
process decreases; during the second stage of the hydrogenation the circulating coolant removes 
the produced heat from the tank and reduces the temperature. As a result, the driving potential 
starts to increase and further storage takes place and this process continues until the maximum 
capacity achieved. Thus; during the second stage of the hydrogenation process the heat transfer 
plays the key role. 
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Fig. 7. Bed average temperature evolution (7a) and bed average hydrogenation fraction (7b) of the hydride 
during the hydrogenation process when the hydrogenation is performed under the optimum operational 
conditions. 
 
6 Conclusions 
The work presented in this study introduces and analyses the heat management of cylindrical 
metal hydride tanks, where MmNi4.6Al0.4 is utilised as the operating hydride. The target of the 
current work was the storage of 200g of hydrogen in less than 5000s. A mathematical model, 
including the heat, mass and momentum conservation equations was proposed. A validation 
process with experimental results was also performed. For the validation, the storage behaviour, 
the temperature distribution and the heat transfer were considered. The heat management of the 
metal hydride tank used plain-embedded cooling tubes coupled with extended surfaces (fins). 
Several parameters were examined; the fin thickness, the number of fins and the coolants flow 
rate (heat transfer coefficient). 
Additionally, a Non-Dimensional Conductance parameter was introduced for the evaluation of 
the heat management. The results of the hydrogenation behaviour showed that the optimum 
number of fins was 60. Further increasing to 65 and 70 didn’t improve the hydrogenation. The 
optimum fin thicknesses were selected 5 and 8mm. Below those values (2 – 3mm) the 
hydrogenation couldn’t reach the 90% of the theoretical capacity in less than 5000s. Finally, the 
heat transfer coefficient to achieve the hydrogenation time can be 2000 – 5000 W m-2K-1. 
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Nomenclature 
 
 Subscripts 
Ca Absorption Reaction Constant, s
-1 a Absorption 
Cd Desorption Reaction Constant, s
-1 d Desorption 
Cp Specific Heat, J/kg-K e Effective 
Ea Activation Energy for Absorption, 
J/molH2 
eq Equilibrium 
h Heat Transfer Coefficient, W/m
2K f External Cooler 
k Thermal Conductivity, W/m-K g Gas 
K Permeability, m
2 i Initial 
M Molecular Weight, kg/mol s Solid 
m Kinetic Expression ss Saturation 
n Number of Hydrogen Moles Greek Letters 
P Pressure, bar ε Porosity 
R Gas Global Constant, J/mol-K μ Dynamic Viscosity, kg/ms 
 
t Time (s) ρ Density, kg/m3 
T Temperature (K) ΔΗ Reaction Enthalpy, J/mol 
v Gas Velocity, m/s ΔS Reaction Entropy, J/mol-K 
V Volume, m
3   
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